tuning the emission wavelength within the visible range. However, their use has been certainly limited by the need to disperse the dye in a liquid solution in order to prevent photodegradation as well as photoluminescence (PL) quenching due to molecular interaction.
In the last years, many efforts have been devoted to the development of compact and easy-tohandle solid-state organic lasers based on active materials of various kinds: dye-doped inert polymers (typically thermoplastics), semiconducting materials (polymers, oligomers, dendrimers or small molecules) and single crystals. [1] Many studies have focused in decreasing the pump intensity needed to achieve laser emission (i.e. the threshold), aiming to reduce pumping requirements. Another aspect of interest, particularly challenging in the case of single crystals, [1d] consists in fabricating flexible devices, and thus exploiting one of the main advantages or organics versus inorganics. At this respect, dye-doped polymers offer 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 many possibilities, thanks to the technologies available to process thermoplastics. Finally, a property that has generally received less attention, despite its huge importance from a practical point of view is the photostability. This is one of the key advantages of dye-doped polymers with respect to other materials, mainly because the dilution of the dye in a matrix. In the context of laser dyes, there is still room for improvement. Thus for example, commercial long-wavelength fluorescent dyes have a number of applications, but display severe limitations like poor photostability and chemical stability and/or low absorption at the standard pump wavelength. [2] Perylenediimides (PDIs) are chemically very resistant organic molecules displaying a substituent-dependent huge absorption in the 450-600 nm region, bright fluorescence with quantum yields close to unit and high thermal and chemical stability, as well as photostability. [3] Moreover, a great variety of PDI derivatives are synthetically accessible by introduction of the adequate substituents, thus allowing tailoring their optical and red-ox properties. [3, 4] All these characteristics, together with several others such as their high electron affinity and mobility, transform PDIs into valuable pieces for the fabrication of a wide variety of optoelectronics and biological applications. [5] Among them, the one of interest in this work is the optically-pumped laser.
Distributed feedback (DFB) lasers based on optically inert polymer films [e.g. polystyrene, PS, or poly(methyl methacrylate), PMMA] doped with PDIs have been recently reported. [6] [7] [8] In DFB lasers, feedback is achieved by modulating either the refractive index or the gain of the active medium, [1] for example by recording a grating in the substrate [6, 7] or in the active film. [8] PDI-based DFB lasers have shown operational lifetimes (under ambient conditions) among the highest reported, [6a] while keeping reasonable thresholds. Typical PDI concentrations in the polymer matrix are quite low, i.e.  (0.5-1)10 -5 mol of PDI per gram of PS (equivalent to 0.5-1 wt% of PDI with respect to PS), since higher values generally lead to Submitted to 3 3 PL quenching and therefore to a reduced performance. [6d,9] This establishes limitations in the laser efficiency and threshold, generally lower than those of non-diluted active materials, such as semiconducting PL polymers. [1] At this respect, a challenge to reduce the thresholds of PDI-based lasers would be to increase the PDI content in the films. [9a] On the other hand, dispersing the active laser material in a matrix improves the photostability considerably.
Indeed, this property is generally superior in dye-doped polymers than in other materials, such as single crystals or semiconducting polymers, [6a,1] although in fact for these latter materials there are just a few studies on this issue. [1] At this respect, certain PDIs are among the materials with the highest laser photostabilities reported. [6a,6d,9a] Another attractive property of PDI-doped PS films is that their thermal and optical properties keep unaltered after being heated up to temperatures of around 155 ºC. This has allowed engraving high quality DFB structures directly on the active materials, [8] by using thermal nanoimprint lithography (NIL).
This technique, which has a great potential to be scaled to volume production, cannot generally been used to imprint organic semiconductors, since their optical properties are degraded by the high temperatures. [1] Up to now, all reported perylenediimide-based lasers are made of PDIs without substituents at the bay positions (denoted here as u-PDIs, with "u" accounting for bayunsubstituted ), [6] [7] [8] as a consequence of previous studies on the amplified spontaneous emission (ASE) properties of waveguides containing perylene derivatives with different chemical structures (e.g. imide, anhydride), which concluded that u-PDIs had the best performance. [9] It is known that ASE characterization is the simplest and most convenient method to asses the potential of a given material for laser applications based on active waveguide films. [1, 9] ASE is evidenced by the observation, at a certain optical pump intensity, of a collapse of the width of the PL spectrum and a large enhancement of the output intensity, thus indicating the presence of gain due to stimulated emission. In a previous work, we polymers. [9a] The photostabilities of u-PDIs are among the highest reported. Their thresholds are significantly lower than those of other highly photostable dye-doped systems, and larger than those of non-diluted molecular materials or semiconducting polymers (by typically one order of magnitude). Nevertheless, the photostability for these latter systems is very limited.
u-PDIs are characterized by absorption and PL spectra practically independent on the type of substituent attached to the N atoms because of the nodes of the HOMO and LUMO at the imide nitrogen's. [3] So, when doped into a polymer film, irrespective of the particular u-PDI derivative, ASE appears at the same wavelength (around 579 nm). [6d,9] In addition, this value can not be shifted to longer wavelengths by increasing the dye concentration in the matrix, as can be done with other materials, [10] since the range of u-PDI concentrations which provide ASE is very limited. [6d,9b,9f] Therefore, designing PDIs emitting at longer wavelengths and showing good laser characteristics is of great interest. This was precisely the motivation in previous works devoted to the ASE investigation of bay-substituted PDIs (denoted as b-PDIs, with "b" accounting for substitutions at bay positions in the core). [9a,9c-9e] Unfortunately, their ASE performance was rather poor, mainly due to their low PL quantum yield, as a result of their distorted PDI core. [9a,c] For this reason, up to now, b-PDIs have not been used to fabricate laser devices. In this context, during the progress of this work some authors have synthesized a b-PDI derivative, particularly a 1,7-bis(diphenylphenoxy)PDI, with an undistorted core and, thus, a PL quantum yield in solution close to unity. [11] In addition, thanks to the bulky groups attached, high PL quantum yields (37%) were obtained in solid state (single crystals).
In this communication, efficient ASE emission at wavelengths between 610 and 630 nm, from PS films doped with a highly solid state fluorescent PDI derivative (denoted as b -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Submitted to 5 5
PDI-1) is demonstrated. b-PDI-1 is a bay-substituted PDI presenting two sterically hindering diphenylphenoxy groups at the 1,7 position and ethylpropyl substituents in the imide positions [see chemical structure in Figure 1(a) ]. ASE has been observed for a very wide range of b-PDI-1 concentrations and up to values as large as 37 10 -5 mol of PDI per gram of PS (i.e. 27 wt% of PDI with respect to PS). This is much higher (around 40 times) than typical PDI concentrations used in prior laser studies. Thanks to this significant increase in the PDI content in the film, very high PL and ASE efficiencies, as well as low ASE thresholds, have been obtained. A detailed investigation of the various ASE parameters, including photostability, has allowed establishing criteria to design optimized devices based on these materials for a given application. Finally, a DFB laser device using one of the best performing films has been fabricated and characterized.
The synthetic procedure of b-PDI-1 is described in the supporting information. The absorption (abs) and PL spectra of b-PDI-1 in CHCl 3 solution show the typical vibronic structure of PDIs, [3,9a] with maxima at  max abs = 563 nm (for abs) and at  max PL = 579 nm (for PL) (see SI, Fig. S1 ). The molar extinction coefficient () was 69700 (at  max abs ) and 30240 (at the pump wavelength used for ASE and laser characterization,  pump = 532 nm). The measured PL quantum yield ( PL ) in CHCl 3 was the unity, indicating an undistorted core, in agreement with results obtained previously with a similar derivative. [11] This  PL value is much larger than that of most b-PDIs reported in the literature. [9a] The shape and relative intensity of the bands in the abs and PL spectra for the b-PDI- for any doping ratio within the investigated range. This is in contrast with the behaviour of other PDIs, whose film spectra change considerably as a function of the PDI content, effect generally attributed to the formation of aggregated species. [6d,9a] The capacity of introducing large amounts of b-PDI-1 in the films, without getting significant PL quenching, is illustrated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 6
in Figure 1(b) . As observed, PL intensity increases almost linearly with the b-PDI-1 content, up to around 3710 -5 mol of PDI per gram of PS (the preparation of films with larger concentrations was limited by solubility). This increase in PL is a direct consequence of the increase in film absorption: the absorption coefficient at  pump varied linearly from 1.3  10 3 to 4.5  10 4 cm -1 , for the same range of PDI concentrations (see SI, Fig. S3 ). The stimulated emission cross section at  ASE [ em ( ASE )] and the absolute PL quantum yield (PLQY) were determined for all the films following methods previously described (more details in SI, experimental). [12] Values varied from 510 -17 to 210 -17 cm 2 , for  em ( ASE ), and from 76 to 32%, for PLQY (see inset of Fig. 1(b) ). Both parameters have a similar type of dependence:
they decay as the concentration increases, but not significantly. So, although this is indicative of the existence of intermolecular interaction, the effect is small, thus justifying the fact that the shape of the absorption and PL spectra keep practically unaltered. An important point is that even for the films with the highest concentration, a PLQY value as large as 31% was obtained. In order to highlight the unique properties of b-PDI-1, results for two other PDI derivatives (denoted as u-PDI-2 and b-PDI-3, see chemical structure in Figure 1a ), whose spectral and laser properties were previously studied, have been included. In particular, u-PDI-2 with 2,6-diisopropylphenyl groups attached to the imide positions, has been the best performing PDI laser dye, when dispersed at concentrations of (0.5-1) wt% into polymers such as PS or PMMA. [6d] On the other hand, b-PDI-3, with 4-tert-butylphenoxy groups at the 1,7-bay positions and 2-ethylhexyl substituents at the imides, showed a very poor ASE performance at any concentration, mainly due to its low PL efficiency, both in solution and in thin film. [9a] It is remarkable that the large dye doping ratios achievable with b-PDI-1 allow increasing film absorption and PL intensity, with respect to other PDIs previously reported ( Fig. 1b ) . As will be shown below, an important consequence of this will be the increase in the output ASE intensity. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Submitted to 7 7 ASE was observed in the b-PDI-1-doped films under nanosecond pulsed excitation.
Films approximately 550 nm thick were optically pumped at  pump = 532 nm with a striped laser beam of dimensions 3.5  0.5 mm 2 and the light emitted from the end of the stripe was collected with a fiber spectrometer. Figure 1(c) shows the ASE spectra obtained for some of them, including the ones with the lowest and highest b-PDI-1 contents. The corresponding PL spectra have also been represented in the figure. For comparison purposes, these spectra have been normalized in order to show similar intensity, although obviously, the emitted PL and ASE intensity increase with the b-PDI-1 amount present in the sample. ASE appears at the most intense vibronic transition, i.e. the 0-1 transition, and not at the 0-0 component, whose intensity is much higher. It is a common situation in many materials reported in the literature and is caused by re-absorption due to the proximity between absorption and PL.
[1] This is the case for all the PDI derivatives previously investigated, [6d,9] as well as for the b-PDI-1 compound studied here. In some materials ASE has been observed at other vibronic transitions with lower PL intensity, due to the presence of triplet absorption or photoinduced absorption in the region of the first vibronic peak. [1g] An important consequence of increasing the range of PDI content in the films, is that the ASE wavelength can be tuned over a relatively wide range (around 20 nm, from ca 610 to 630 nm, see Fig. 1(c) ). This is a clear advantage over u-PDIs, for which, as previously mentioned, ASE emission appears always at around 579 nm.
The ASE intensity for various films (doped with different b-PDI-1 contents) has been plotted in Figure 2 (a) as a function of the pump intensity. From these plots, the ASE threshold, defined as the intensity at which a clear increase of the output intensity is observed, has been determined. Besides this parameter, which is the most commonly used in the literature to quantify the ASE performance, it is also useful to analyze the output power obtained.
Qualitative, this can be done by simply looking at the output intensity obtained for a given 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 pump intensity. For a quantitative analysis, the slope efficiency, i.e. the slope of the emission intensity curve above the threshold is often determined in the context of laser devices. [1a,1b] It should be noted that in order to obtain an absolute value of slope efficiency, all the energy emitted by the device should be collected. In fact, quantitative measurements of the output power from organic lasers are sparse in the literature. [1a,1b] In our case, we have not obtained absolute slope efficiencies, but relative values which have been useful to analyze the effect on the output intensity of changing the PDI concentration in the film.
These two parameters (threshold and slope), determined from curves shown in Fig.   2 (a), have been represented in the inset of Fig 2(a) as a function of the b-PDI-1 content, for all the films prepared. The particular concentrations whose data appear in Fig. 2(a) have been labelled with capital letters for a rapid identification of a given film. As observed, the lowest thresholds (around 7 kW/cm 2 ) and highest efficiencies have been obtained for concentrations between 610 -5 and 1310 -5 mol of b-PDI-1 per gram of PS (films labelled with C and D).
The PLQY for these films is around 60% (see inset of Fig. 1(b) ). The drastic improvement in the performance with respect to film A (whose concentration is similar to the typical PDI concentrations used in previously reported PDI-based lasers) illustrates the unique properties of b-PDI-1. The decrease in threshold with concentration is explained by the increase in the absorption and PL emission (Fig. 1b) . The reason for the saturation and slight increase above a certain concentration can be attributed to the saturation observed in the PL intensity (due to the decrease in PLQY), as well as to the increase in the waveguide losses. A similar type behaviour has been observed in u-PDIs [6d] and in other molecular materials dispersed in inert polymers at high concentrations. [10] The ASE performance of b-PDI-1 is outstanding in comparison to other b-PDIs, [9a,9c-9e] such as the b-PDI-3, with a much smaller output intensity and a threshold as large as 1500 kW/cm 2 . [9a] The capability of introducing large amounts of b-PDI-1 in the films without getting PL quenching is also a remarkable result in the general 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Submitted to 9 9
context of PDIs of any type (i.e. u-PDIs and b-PDIs), since it allows obtaining much larger output intensities, as shown in Fig. 1(b) . With regards to the threshold, the impact of increasing the concentration has not been so significant, given that the best value achieved with b-PDI-1 is comparable to the best values obtained with u-PDIs (between 3 and 12 kW/cm 2 , depending on the particular derivative). [6d] Nevertheless, there is still room for further improvement by optimizing various parameters, such as the overlap between the pump and the absorption wavelengths, or the waveguide properties of the films. Work at this respect is currently under way.
The ASE photostability was investigated by recording the temporal evolution of the ASE intensity under constant excitation at the same spot of the sample and under ambient conditions. Results for some of the films are shown in Figure 2(b) . The parameter used to quantify this property, the ASE photostability half-life ( 1/2 ASE ) is defined as the time (or the number of pump pulses) at which the ASE intensity decays to half of its initial value.
Photostability characterization was performed by pumping the films in two different ways: (i) using pump intensities of around two times above their corresponding thresholds; and (ii) at the same pump intensity for all of them, being in all cases well above their threshold (i.e. 2500 kW/cm 2 ). The first way provides an estimate of the operational durability under moderate conditions. [6a] The second one allows comparing different materials, as well as determining the durability of the films under extreme pumping conditions. [6d] Results for all the films prepared in this work are displayed in the inset of Figure 2(b) . As observed, whatever the excitation conditions, the lower the b-PDI-1 content, the longer the  1/2 ASE is.
Therefore, there is a trade-off between photostability and threshold which should be taken into account when choosing the optimal concentration for a given application. For example, in applications where photostability is not relevant, such as in disposable sensors, the concentration that gives the lowest possible threshold will be a wise option .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  10 Finally, a second order DFB laser device was fabricated by depositing a 1300 nm b-PDI-1-doped PS film (the one labelled as C in Figure 2 ) over a 190 nm dichromated gelatine (DCG) photoresist layer with a one-dimensional relief grating of period 391 nm and depth 50 nm (see Scheme of the geometry in Figure 3 ). The device was optically pumped at a wavelength of 532 nm. The beam was incident at an angle of 20º with respect to the normal to the film plane and shaped as an elliptical spot with a minor axis of 1.1 mm. The emitted light was collected in a direction perpendicular to the film surface. The successful performance of this type of DFB geometry (with the photoresist layer with the grating directly used as the substrate of the device) for u-PDI-based lasers has been just reported. [7] One advantage of such type of devices is that the fabrication process is simple and the obtained gratings are highly resistant to organic solvents, so they can be reused multiple times. The particular active film thickness value used in the device was chosen in order to obtain DFB emission associated to the fundamental transverse electric (TE 0 ) waveguide mode, helped by experimental waveguide characterization using the m-line technique [13] and modelling, [14] and at a wavelength close to the ASE wavelength (see Fig. 3 ), since these are the most important parameters to optimize the threshold. [6b,7,8] DFB emission was observed at 622.1 nm and the threshold, determined from the change in slope of the output versus input intensity curve (see inset in Fig. 3 ) was 55 kW/cm 2 (i.e. 6 J/pulse). The effect of the grating in reducing the threshold and in increasing the slope efficiency is illustrated by comparing with ASE data for a film of the same characteristics deposited over a DCG layer without grating, measured in the same experimental setup used to characterize the DFB device. The reason why this ASE threshold is higher than the one of Fig. 2 is because the different geometry for excitation and light collection, as described in detail in other works. [6c,15] At present, we are starting some work towards the fabrication of DFB lasers with gratings engraved by thermal-NIL directly on the active film, given that the thermal and optical properties of the material keep unaltered 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 when subjected to high temperatures, [16] as in the case of u-PDI-doped PS films. [8] The use of such resonators will hopefully allow reducing the threshold by several times, [6, 8] approaching the requirements needed to pump with light emitting diodes (i.e. < 1 kW/cm 2 ). [15] In any case, the threshold value of the laser prepared in this work is of the same order (or even somewhat lower) than the best DFB thresholds obtained in similar devices (i.e. with gratings over a DCG layer used as substrate) based on an u-PDI derivative. [7] The device showed a photostability halflife of around 7 min (4200 pump pulses) under constant excitation at around 4 times above its threshold. This value is in accordance with previous ASE measurements [see Overall, this work widens the use of PDIs in laser applications, up to now restricted to bayunsubstituted u-PDIs (all with ASE emission at around 580 nm), by including 1,7-bay bulky substituents in the PDI core.
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